acids and it was concluded that these alkylbenzenes underwent co-oxidation initially and then, by ,Boxidation of the resulting w-carboxylic acid, they were converted into benzoic or phenylacetic acid according to the number of carbon atoms in the alkyl side chain. However, Smith et al. (1954a) found that n-propyl-and n-butyl-benzenes gave rise to appreciable amounts of non-reducing conjugated glucuronic acids, and suggested that the alkyl side chains of these compounds were oxidized in other positions as well as the w-to yield secondary alcohols which were excreted conjugated with glucuronic acid. Both propyl-and butylbenzene could be expected to be oxidized at the a-position, since this is activated by its proximity to the benzene ring (cf. ethylbenzene, Smith et al. 1954b) . Furthermore, it has been observed that alkyl side chains in barbiturates (Maynert, 1952) and the n-butyl chain in the antirheumatic drug, phenylbutazone (butazolidine) (Bums et al. 1955) , are oxidized in the (co -1)-position. This type of oxidation could also occur with n-propyl-and nbutyl-benzene. It will, in fact, be shown here that both these compounds are oxidized in rabbits at the a-and (w -1)-positions of the alkyl side chain. Further observations on the metabolism of ethylbenzene have now shown that this compound undergoes co-oxidation, although the major process is a-oxidation. * Part 68: Parke (1956) .
EXPERIMENTAL
Reference compounds. Secondary alcohols were identified by oxidizing them to ketones. The 2:4-dinitrophenylhydrazones of propiophenone, benzyl methyl ketone, butyrophenone, benzyl ethyl ketone and methyl 2-phenylethyl ketone were prepared (for references see Heilbron & Bunbury, 1953) . The characteristics of the spectra of these compounds are given in Table 1 [a]D-800 in CHC13, was a sample previously prepared (Smith et al. 1954c ).
The azlactone of hippuric acid with p-dimethylaminobenzaldehyde has been described (Gaffney, Schreier, DiFerrante & Altman, 1954) . Attempts to prepare the corresponding azlactone of phenaceturic acid were unsuccessful. The azlactone of cinnamoylglycinewas prepared from p-dimethylaminobenzaldehyde and cinnamoylglycine in the presence of acetic anhydride in the usual manner. The 4-p-dimethylaminobenzal-2-(2-phenylvinyl)-5-oxazolone formed deep-red needles, m.p. 1940, from acetone. (Found: C, 7541; H, (5) (6) (7) (8) N, 902N2 requires C, H, 5*7; N, 8.8 50-250,ug ./ml. were prepared and 1 ml. of each solution was shaken vigorously with 5 ml. of ethyl acetate in a 15 ml. centrifuge tube. The mixture was centrifuged for 2-5 min. and 1 ml. samples (in triplicate) of the clear extract were evaporated to dryness in 6 in x i in. test tubes in an oven at 110°. The dry residue (a trace of water here gives high results) in the tube was treated with 3 ml. of the p-dimethylaminobenzaldehyde solution and the tube was then heated in an oil bath at 1200 for 0 5 hr. This temperature (which should be carefully controlled) and time had been found to give the best results in a separate experiment. The tube was cooled to room temp., 2 ml. of ethyl acetate was added to dilute the coloured product and the yellowish-brown colour of the solution was measured in a SP. 600 Unicam spectrophotometer at 460 mp. against a blank test prepared similarly, except that water was substituted for the hippuric acid solution. The calibration curve was a straight line, and the error in the recovery of concentrations of hippuric acid from 150 to 250tg./ml. ranged from ± 10% at the lower level to ± 5 % at the higher concentrations.
Determination in rabbit urine. Urine collected during 24 hr. was brought to pH 2-3 with conc. HCI (about 0 5-2 ml.) and then diluted to 200 ml. The diluted urine (1 ml.) was then extracted with 5 ml. of ethyl acetate and treated as described above. The recovery of hippuric acid added to urine in quantities corresponding to 15-50 mg./day was within ± 10%. In one set of determinations on normal rabbit urine (113 samples on diet 18), the output ofapparent hippuric acid was 20-81 mg./day (average, 43 mg.). Beer, Dickens & Pearson (1951) found that rabbits excreted 5-90 mg./day as benzoic acid on a cabbage diet.
Large excesses (100:1, w/w) of amino acids (glycine, alanine, serine, lysine, cystine, methionine, ornithine, histidine, tyrosine and tryptophan) added to the urine did not interfere. The effect of phenaceturic acid was irregular but it did not interfere if it were present in an amount not greater than half that of the hippuric acid. The interference from phenaceturic acid was less if the colour from hippuric acid were measured at 470 m. instead of 460 m,u. At both these wavelengths, the extinction ofthe hippuric acid colour is the same. When the estimation procedure is carried through with phenaceturic acid instead of hippuric acid, the resulting extract shows a relatively low maximum absorption at 435 m&.~0 
ISOLATION OF METABOLrrEs
From ethylbenzene 18Olation of phenaceturic acid (see also Table 2 ). A total of 17-8 g. of ethylbenzene was fed to ten rabbits and the urine was collected for2 days. The urine (1500 ml.) was acidified to pH 2 with 2N-H2SO4 and continuously extracted with ether for 16 hr. The extract was evaporated and the residue, which contained glucuronides, was dissolved in water (10 ml.) and kept overnight. The crystals (2-8 g.) which were deposited were washed with a few drops of water and dissolved in 25 ml. of hot water. From the solution at 300 crystals of hippuric acid (1.5 g.) were separated, m.p. and mixed m.p. From n-propylbenzene Isolation of ethylphenylcarbinyl glucoaiduronic acid. A total of 16 ml. (13-8 g.) of n-propylbenzene was fed to eight rabbits and the urine was collected for 24 hr. It was acidified to about pH 2 with dilute H2SO4 and continuously extracted with ether for 60 hr. The extract was evaporated to a syrup which was triturated with a little water and kept overnight to allow hippuric acid to separate. The acid was filtered off and the filtrate evaporated to a gum. This was dissolved in 100 ml. ofether containing a little methanol and then poured into 500 ml. oflightpetroleum (b.p. 40-60° identical with that of the authentic compound (see Table 1 ). From n-butylbenzene Isolation of phenaceturic acid, butyrophenone and methyl 2-phenylethyl ketone. Attempts at crystallizing the glucuronide fraction from the urine of rabbits dosed with butylbenzene failed. n-Butylbenzene (16 ml.) was fed as described above for n-propylbenzene, and the sameprocedure was followed. Instead of hippuric acid, phenaceturic acid was separated in a yield of 1-9 g. (10 % of the dose) with m.p. Detection of p-hydroxyphenylacetic acid. Smith et al. (1954a) reported that rabbits receiving butylbenzene excreted ethereal sulphate corresponding to 5 % of the dose. This did not occur with ethylbenzene and the figure of 2 % ethereal sulphate reported for propylbenzene was probably not significant. It was therefore possible that butylbenzene underwent aromatic hydroxylation and a probable metabolite is, therefore, p-hydroxyphenylacetic acid. This acid has been reported to be a constituent of normal rabbit urine (Bray, Thorpe & White, 1950) , in which it was identified chromatographically on paper by its Rp value and colour reactions. In the present work n-propanol-NH, soln.
(sp.gr. 0.88) (7:3), amongst other solvent mixtures, was used with Whatman no. 1 or 4 paper (descending chromatography). In this solvent it had Rp 0-36 and separated well from other constituents reacting with the reagents. The spraying reagents used were diazotized p-nitranilineand diazotized sulphanilic acid (Bray et al. 1950 ) and a dilute aqueous solution of Brentamine Fast Blue B Salt (Imperial Chemical Industries Ltd.); the coloured spots obtained were bluish red, red, and yellowish red respectively.
The urine output for 24 hr. (100 ml.) ofa rabbit which had received 2 ml. of butylbenzene orally was heated under reflux for 2 hr. with 30 ml. of conc. HCI. The cooled urine was extracted with 3 x 150 ml. of ether. The acids in the extract were transferred to 10% NaOH (2 x 15 ml.). The alkaline solution was acidified and extracted with ether. A concentrate of the last ether extract was used for paper chromatography. The same extraction method was used on normal rabbit urine. Normal rabbit urine gave weak but definite spots corresponding to p-hydroxyphenylacetic acid. After butylbenzene the spots appeared to be about ten times stronger than those found with normal urine. This strongly suggests that p-hydroxyphenylacetic acid is a minor metabolite of butylbenzene. DISCUSSION Metabolim of ethylbenzene. Ethylbenzene is an important intermediate in the production of the styrene used in the plastics industry. In the U.S.A. in 1954, the output of ethylbenzene was 800 million lb. weight, which is more than any other intermediate listed in the U.S. Tariff Commission's statistics (Anon. 1955) . According to Browning (1953) no systematic injury from ethylbenzene in man has been reported, but its acute toxicity is slightly more than that of benzene. The metabolites of ethylbenzene are in general relatively non-toxic, and there is no evidence that it is metabolized to phenolic substances which could produce chronic toxic effects as in the case of benzene. Its main metabolites in rabbits are hippuric acid and methylphenylcarbinyl glucosiduronic acid, which are produced in roughly equal amounts and account for at least 60-70 % of the dose. Its minor metabolites are mandelic acid (2 %) and, as shown in this paper, phenaceturic acid (10-20 %). The results of our investigations suggest the scheme shown in Fig. 1 for the metabolism of ethylbenzene; the major routes are indicated by thick arrows. The figures in Table 2 suggest that methylphenylcarbinol is the precursor of hippuric acid since approximately the same amount of this acid is excreted whether ethylbenzene or the carbinol, a known metabolite of ethylbenzene, is fed. Acetophenone is also a precursor of hippuric acid, but our earlier work (Smith et al. 1954b ) has shown that this ketone is reduced to methylphenylcarbinol in vivo, and need not be included in the scheme. It was not detected in the breath or urine of rabbits receiving ethylbenzene. Mandelic acid is apparently a minor end product of ethylbenzene metabolism and is not converted into hippuric acid. It is also a known minor metabolite of methylphenylcarbinol (Thierfelder & Klenk, 1924) and is presumably produced from ethylbenzene via the carbinol. The main process of ethylbenzene metabolism is thus initially oxidation of the activated oc-carbon atom. The actual mechanism of this initial oxidation is as yet unknown. However, oxidation of the cw-methyl group of ethylbenzene does take place to a small extent, since phenaceturic acid can be isolated from the urine. 2-Phenylethanol (see Table 2 ) and phenylacetaldehyde are presumably intermediates in its formation. Table 2 suggest the scheme shown in Fig. 2 for its metabolism.
What we believe to be major routes are indicated by thick arrows, minor routes by thin arrows, and hypothetical routes by broken arrows. Glucuronide and hippuric acid excretion account for about 60-70 % of the n-propylbenzene fed. Ethylphenylcarbinyl glucosiduronic acid can be readily isolated from the urine, but ethylphenylcarbinol itself is not readily converted into hippuric acid (see Table 2 ). Conjugated benzylmethylcarbinol was also detected as a metabolite of propylbenzene, but appeared to be present in the urine in lesser amounts than ethylphenylcarbinol. However, benzylmethylcarbinol is more readily converted into hippuric acid than the ac-carbinol. It is to be noted that ethyl phenyl ketone and benzyl methyl ketone are equivalent to the carbinols as far as hippuric acid production is concemed. We conclude therefore that the degradation ofpropylbenzene to hippuric acid is mainly through benzylmethylcarbinol rather than ethylphenylcarbinol. Another possible route ofdegradation is by cw-oxidationto ,B-phenylpropionic acid, which can be subsequently fl-oxidized to benzoic acid. According to Raper & Wayne (1928) , in the dog 77 % of the administered f-phenylpropionic acid (122 mg./kg.) is excreted as hippuric acid. With doses of about 500 mg./kg. in the same animal Quick (1928) from Smith et al. (1954a, b, c Metaboli,m of n-butylbenzene. The main metabolites of this compound appear to be phenylpropyl-and methylphenethyl-carbinylglucuronides, and phenaceturic acid, and a consideration of all our observations suggests the scheme shown in Fig. 3 for its metabolism. The formation of y-phenylbutyric acid has not been proved, but we consider it to be a possible reaction, since c-oxidation of alkyl chains is a known reaction and y-phenylbutyric acid is known to be oxidized to phenaceturic acid (Raper & Wayne, 1928) . Both phenylpropyland methyl-2-phenylethyl-carbinols are formed, but only the latter is converted into phenaceturic acid. The third possible carbinol, benzylethylcarbinol, was not detected in the urine and when fed it was not a precursor of phenaceturic acid but was largely excreted conjugated with glucuronic acid (see Table 2 ). It is probably not a metabolite of butylbenzene. The routes of degradation of the side chain of butylbenzene are therefore by (t-1)-oxidation and probably by w-oxidation. a-Oxidation does take place but does not lead to phenylacetic acid. It is to be noted in Table 2 that phenyl propyl, benzyl ethyl, and methyl 2-phenylethyl ketones give rise to a small but probably significant (as shown by paper chromatography) hippuric acid output (about 4%) which is not observed with the corresponding carbinols; otherwise, these ketones appear to be mainly converted into the glucuronides of the corresponding carbinols (see Smith et al. 1954c However, it is to be noted from Table 2 that 2-phenylethanol, which is mainly metabolized to phenylacetic acid, also gives rise to a small apparent hippuric acid output (3-4 %).
Penultinate versus terminal oxidation. Since it has been shown that hippuric acid could arise from propylbenzene by co-or (co -l)-oxidation and phenaceturic acid could arise similarly from butylbenzene, it is pertinent to inquire whether one or both modes of oxidation result in the degradation of these two alkyl chains. Although x-oxidation is important in the degradation of ethylbenzene to hippuric acid, it is not important in the propyl and butyl derivatives, since ethylphenylcarbinol yields little hippuric acid and phenylpropylcarbinol no phenaceturic acid in vivo. In any case, a-oxidation is probably a special reaction of alkylbenzenes due to the presence of the benzene ring. c-Oxidation is a known reaction of alkyl chains of six or more carbon atoms and numerous examples are available, especially in the fatty acid series (see Weitzel, 1951) . (co-1)-Oxidation of the butyl side chain to form a 3-hydroxybutyl chain has been shown to occur in 5-butyl-5-ethylbarbituric acid (butobarbitone) in the dog (Maynert, 1952) and in 4-butyl-3:5-dioxo-1:2-diphenylpyrazolidine (butazolidine) in man (Burns et al. 1953 (Burns et al. , 1955 was excreted as the (a)-l)-oxidation product, 5-ethyl-5-(3-hydroxy-1-methylbutyl)barbituric acid, and only 4.5 % as the co-oxidation product, 5-ethyl-5-(3-carboxy-1-methylpropyl)barbituric acid. Our present results, however, do not permit a decision as to whether to-or (co-1)-oxidation is the more important in the degradation of propyl-and butyl-benzenes. It is significant, however, that the degradation of the (c -1)-carbinols is of the same order as that of the corresponding alkylbenzenes. SUMMARY 1. A study has been made of the fate of ethylbenzene, n-propylbenzene and n-butylbenzene in the rabbit.
2. About 60-70 % of ethylbenzene undergoes a-oxidation to yield methylphenylcarbinol glucuronide and hippuric acid, and 10-20% undergoes co-oxidation to yield phenaceturic acid.
3. About 50 % ofpropylbenzene is excreted asthe glucuronides of ethylphenylcarbinol and benzylmethylcarbinol, and about 15 % as hippuric acid.
The main precursor of hippuric acid appears to be benzylmethylcarbinol.
4. About 50 % of butylbenzene is excreted as the glucuronides of methyl-2-phenylethylcarbinol and phenylpropylcarbinol, and about 20 % as phenaceturic acid. The precursor of phenaceturic acid appears to be methyl-2-phenylethylcarbinol; phenylpropylcarbinol is not a precursor. Derivatives of benzylethylcarbinol were not detected as metabolites of butylbenzene, and this carbinol is not a precursor of phenaceturic acid.
5. The three alkylbenzenes have been proved to undergo c-oxidation; propyl-and butyl-benzenes also undergo (co-1)-oxidation of the alkyl side chain. No direct evidence for the co-oxidation of propyl-and butyl-benzenes has been obtained, but its occurrence cannot be ruled out. 6. A method modified from Gaffney et al. (1954) has been described for the determination ofhippuric acid in urine.
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